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I / SUMMARY 

A co lor imet r ic  method was employed t o  determine the  mixture r a t i o  of 
rl 
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t h e  ind iv idua l  drops i n  the  spray of th ree  types of i n j ec to r .  

mixture r a t i o  aga ins t  number of drops, and mixture r a t i o  aga ins t  s p a t i a l  

loca t ion ,  were determined f o r  each in j ec to r ,  The three i n j e c t o r s ,  i n  order 

of decreasing mixing ef f ic iency ,  were t h e  t r i p l e t ,  t he  impinging jet ,  and 

The d i s t r i b u t i o n s ,  

?j 

t h e  swirl cup. Mixture r a t i o  var ied  appreciably f o r  a given i n j e c t o r  as 
I 

, 
B 

wel l  as among d i f f e r e n t  i n j ec to r s .  

INTRODUCTION 

Propel lan t  mixing i s  one of t h e  fundamental parameters i n  rocket com- 

/ bus t ion  t h a t  has received l i t t l e  a t t en t ion .  For combustion t o  occur t h e  
\ 

prope l l an t s  must be mixed a t  some stage i n  t he  combustion process. Many ' c 

t i m e s  t he  performance of a combustor can be explained by t h e  amount of mix;- 

i n g  achieved by t h e  i n j e c t o r  (Ref. 1). The extent of mixing may cont r ibu te  
. 

t o  o ther  phenomena i n  rocket engines such as combustion i n s t a b i l i t y  ( R e f .  2 )  

and l o c a l  burnout as w e l l  as t h e  over -a l l  performance, 

go l i c  l i q u i d  propel lan ts ,  mixing becomes e spec ia l ly  important i f  one des i r e s  

t o  t ake  advantage of liquid-phase reac t ions  t h a t  may occur with these  systems. 

I n  t h e  case of hyper- 

Rupe ( R e f .  3) evaluated t h e  time average - s p a t i a l  d i s t r i b u t i o n  of 

mixture r a t i o  f o r  an impinging-jet type i n j e c t o r  over a w i d e  range of geometry 

and flow va.nkrrd33~si. In an%$ ing  e f f i c i ency  was determined by 
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measuring the temperature r ise of an acid-base r eac t ion  where mixing ef- 

f i c i e n c y  was given by the  percent of t h e o r e t i c a l  temperature rise (Ref. 4). 

Since a l l  i n j e c t o r s  u l t imate ly  produce d rop le t s  of propel lan ts ,  it seems 

des i r ab le  t o  determine the degree of mixing i n  ind iv idua l  drops, A s  men- 

t ioned  previously, t h i s  determination would be more important when one i s  

dealing w i t h  liquid-phase r eac t iono  For a miscible l iquid-propellant 

system, mixing may be defined as t h e  d i s t r i b u t i o n  of propel lan ts  among 

t h e  drops produced by the  in jec tor .  Per fec t  mixing would be achieved i f  

the  input mixture r a t i o  occurred i n  each drop. 

A preliminary study was therefore undertaken t o  evaluate a colorim- 

e t r i c  method f o r  determining the  mixture r a t i o  i n  ind iv idua l  drops. The 

mixing e f f i c i e n c y  of t he  i n j e c t o r  was obtained from a random sampling of 

the  co l l ec t ed  drops. Three in j ec to r s ,  a t r i p l e t ,  an impinging jet, and 

a s w i r l  cup were evaluated a t  one f l o w  condition using miscible f l u i d s .  

The d a t a  are compared i n  th ree  ways: s p a t i a l  d i s t r i b u t i o n  of mixture 

r a t i o ,  d i s t r i b u t i o n  of mixture r a t i o  among drops, and f i n a l l y  t h e  mixing 

ef f ic iency  of t h e  i n j e c t o r s  was obtained, copy Yo: 

EXPERlMENTAL _ -  
- -. _ _ _ _  - E _ _  

- -~ Technique and Instrumentation 

-- Propel lan ts  were simulated i n  t h i s  study by aqueous dye so'lutions. A 

d i scuss ion  of the pr$nciples of colorimetric ana lys i s  may be found i n  R e f .  

5 ,  E s s e n t i a l l y  the  so lu t ions  should fo l low Beer's l a w  and each so lu t ion  

should absorb l i g h t  at the  wavelength of maximum transmission of the other. 

F i l t e r s  are then se l ec t ed  t o  give the wavelengths corresponding t o  maxima 

of tr'ansmission of t h e  two solutions,, If the tyansmission at each wavelength 
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i s  measured f o r  a series of mixtures of known r a t i o ,  a c a l i b r a t i o n  curve 

such as t h a t  i n  Fig. 1 may be obtained. It i s  seen t h a t  measurement of 

transmission at each wavelength uniquely determines t h e  mixture r a t i o  of 

an unknown mixture. 

A block diagram of t h e  colorimeter i s  shown i n  Fig. 2. The instrument 

w a s  a Leeds d( Northrup microdensitometer with provisions f o r  adding f i l t e r s ,  

The sample ho3der cons is ted  of two sheets of Lucite spaced 0.025 inch apa r t  

t h a t  a l s o  served t o  f l a t t e n  the  drop surfaces normal t o  t h e  l i g h t  beam. 

The op t i c s  of t h i s  system introduce a lower l i l j n i t  of drop diameter that can 

be measured; however, t h i s  l i m i t a t i o n  can be overcome by d i l u t i o n  of t h e  

d2np with  water t o  t h e  minimum s ize .  Di lu t ion  has no e f f e c t  on t h e  mixture 

r a t i o ,  It does, however, decrease s e n s i t i v i t y  s ince  the  curves converge 

with increasing d i lu t ion ,  as shown by Fig. 1. The two dyes used were a green 

dye ( B r i l l i a n t  Green) and a yellow dye (Proflavine Sul fa te ) .  The f i l t e r s  

were a Wrakten No. 1 6  (yellow) and a l i q u i d  f i l t e r  using the  green dye 

so lu t ion .  

A sample of t he  drops i n  the  q r a y  of each i n j e c t o r  w a s  obtained by 

means of t h e  s h u t t e r  mechanism @ l s o  shown i n  Fig. 2, The drops were col- 

l e c t e d  on a 20-inch-square greased p l a t e  so t h a t  t h e i r  indivfdual i d e n t i t y  

w a s  maintained. A s e r i e s  of perpendicular g r i d  l i n e s  1 inch apar t  were 

sc r ibed  on the  p l a t e  t o  obta in  s p a t i a l  l oca t ion  of t h e  drops. 

of about 25 percent of t h e  drops i n  each square was  s e l ec t ed  at random 

f o r  analysis.  The sampling distance w a s  12 inches i n  each case. 

An average 
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In j ec to r s  

The th ree  i n j e c t o r s  s tud ied  were a t r i p l e t ,  an impinging jet ,  and a 

s w i r l  cup, Their dimensions are shown i n  Fig. 3. 

i c a l  of those used i n  many rocket  combustion s tudies .  Each i n j e c t o r  w a s  

operated at a pressure drop of 45 pounds per square inch, giving input  

flow r a t i o s ,  green t o  yellow, of 1 except f o r  t h e  sw5r1 cup, which had 

an input  r a t i o  of 2. These f l o w  r a t i o s  are based on ca l ib ra t ions  of the 

f l o w  rates. 

a l s o  indicated.  

These designs are typ- 

The pa t t e rns  formed by the spray on t h e  co l l ec t ion  p l a t e  are 

RESULTS AND DISCUSSION 

S p a t i a l  Dis t r ibu t ion  

Each spray was found t o  have an ax i s  of symmetry with respec t  t o  mix- 

ture r a t i o  ind ica ted  as the  x-axis i n  Fig,  3, Thus along l i n e s  of constant 

x-distance the re  was only a random va r i a t ion  i n  mixture r a t i o .  Along l i n e s  

of constant y-distance, however, a continuous v a r i a t i o n  i n  mixture r a t i o  

w a s  found t h a t  was  r e a d i l y  explained from t h e  i n j e c t o r  geometry. 

a t i o n  i s  shown i n  Fig. 4 where the  average mixture r a t i o  (percent green) i s  

p l o t t e d  as a func t ion  of dis tance from the  y-axis. Each point  represents  

the average value of mixture r a t i o  of t he  drops i n  an area bounded by the 

t o t a l  y-distance and a 1-inch increment of x-distance. The standard de- 

v i a t i o n  of the  data was computed for each x-s ta t ion,  and s ince  these values 

d i d  not  d i f f e r  grea t ly ,  they were  averaged. Thus, t he  standard deviat ions were 

8.3, 5.7, and 6.9 percent green f o r  t he  t r i p l e t ,  impinging jet ,  and swirl cup 

This vari- 

i n j e c t o r s ,  respect ively.  

bu t ion  with t h e  l a r g e s t  amount of yellow component appearing at  the  center ,  

corresponding t o  i t s  plane of inject ion.  For the  other  i n j ec to r s ,  t he re  i s  

The t r i p l e t  produces a symmetric s p a t i a l  d i s t r i -  
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a continuous decrease i n  mixture r a t i o  as the  spray i s  t raversed  with the  

nominal input r a t i o  o c m i n g  near the center. The in t eg ra t ed  average 

mixture r a t i o s  obtained from experimental da t a  agreed reasonably w e l l  w i t h  

t h e  nominal input r a t i o s  obtained from flow ca l ib ra t ion .  

(percent green/percent yellow) were 50/50 for the t r i p l e t  and impinging 

Nominal r a t i o s  

jet  and 67/33 for the s w i r l  cup, while t he  experimental averages were 

44/56 and 62/38, respectively.  

pene t r a t ion  of the two streams occurred, so that higher concentrations of 

the components appeared i n  t h e  spray on t h e  s i d e  opposite t o  t h a t  of 

i n j e c t  ion. 

For the impinging j e t  i n j e c t o r ,  inter;  

The configuration of t h e  swirl-cup i n j e c t o r  presumably imparts an 

angular motion t o  the l i qu ids ,  so  t h a t  t he  axes of the spray p a t t e r n  would 

depend on sampling distance.  

shown previously i n  Fig. 3 w a s  observed a t  1 2  inches. A hollow-cone spray 

i s  t y p i c a l  of t h i s  i n j e c t o r  type. The mixture r a t i o  about the  annular 

s e c t i o n  var ied  sinusoidally.  S t a r t i n g  a t  x = -1 and proceeding clockwise, 

t h e  percent green w a s  a maximum at Oo and a minimum a t  180°, while the  input 

r a t i o  occurred a t  90' and 270'. 

The o r i en ta t ion  of i n j e c t o r  and spray p a t t e r n  

Mixture-Ratio Dis t r ibu t ion  among Drops 

The d i s t r i b u t i o n  of drops with respect t o  mixture r a t i o  i s  shown i n  Fig. 

5 f o r  each in j ec to r .  According t o  the s t a t e d  de f in i t i on ,  i f  mixing were 

ideal, a l l  drops would have t h e  input mixture r a t i o .  From Fig. 5, t he  t r ' iT le t  

i n j e c t o r  approaches i d e a l i t y  most closely,  The s w i r l  cup produced drops i n  

two ranges, each r i o h  i n  one of the components, while t he  impinging j e t  w a s  

intermediate,  giving a r e l a t i v e l y  f l a t  d i s t r i b u t i o n .  
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Mixing Efficiency 

If it i s  assumed t h a t  t h e  d i r ec t ion  of devia t ion  of mixture r a t i o  (i.e*, 

r i c h e r  o r  leaner )  from t h e  input r a t i o  has no significance,  it i s  poss ib le  

t o  a r r i v e  a t  a mixing e f f i c i ency  f o r  each i n j e c t o r  by considering what f r ac -  

t i o n  of t h e  material i n  a drop i s  i n  the input r a t i o .  The following equa- 

t i ons ,  a l s o  given i n  Ref .  3, give the  percent mixed i n  ind iv idua l  drops: 

where R 

and r i s  t h e  mixture r a t i o  i n  t h e  given drop expressed i n  t h e  same way. 

i s  t h e  nominal input  mixture r a t i o  expressed as *action of green 

Figure 6 shows t h e  f r a c t i o n  of t o t a l  drops as a func t ion  of t h e i r  per- 

cen t  mixed f o r  each i n j e c t o r .  Ideally,  a l l  drops should be a t  100 percent. 

The average values of percent mixed (mixing e f f i c i ency)  a l s o  ind ica ted  i n  

t h e  f igu re ,  shm the  t r ip le t  t o  give the highest  mixing e f f i c i ency  (85 per- 

cen t )  followed i n  order by t h e  impinging je t  (68 percent) and s w i r l  cup (55 

percent ) .  

as t h a t  found i n  R e f ,  3. A previous evaluation of t h e  mixing e f f i c i ency  

using t h e  temperature-rise method gave a value of about 70 percent f o r  t h e  

s w i r l  cup ( R e f .  2 ) .  

pounds per square inch compared with 45 pounds per  squaTeiZnch i n  the’pre3-ent’ 

study, It i s  LikeXy t h a t  thi.%-ddi,tional energy would improve mixing. 

The 68 percent value f o r  the impinging je t  i s  of t h e  same order 

These data were obtained a t  pressure drops of about 200 

CONCLUDING R W K S  

The liquid-phase mixing of three i n j e c t o r s  was  s tud ied  by determining 

t h e  mixture r a t i o  occurring i n  ind iv idua l  drops of t he  sprays. The colorim- 

e t r i c  technique used t o  measure mixture r a t i o s  seems t o  be s a t i s f a c t o r y .  
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The r e s u l t s  show t h a t  appreciable differences may be found i n  t h e  way the  

various i n j e c t o r  types mix and d i s t r i b u t e  t h e  in j ec t ed  f l u i d s .  The in-  

j e c t o r s  i n  decreasing order of mixing e f f i c i ency  were a t r i p l e t ,  an imping- 

ing  jet, and a swirl-cup or  premix type. Knowledge of these  d i s t r i b u t i o n s  

should ma te r i a l ly  a i d  i n  the  i n t e r p r e t a t i o n  of rocket combustion phenomena 

when appl ied  t o  a spec i f i c  propel lan t  combination or  a s p e c i f i c  combustor. 

For example, with hypergolic propellants,  i g n i t i o n  may proceed more smoothly 

at a mixture r a t i o  considerably d i f f e r e n t  from t h a t  of optimum performance 

for  which i n j e c t o r s  a re  genera l ly  designed. The obtaining of s a t i s f a c t o r y  

i g n i t i o n  under such conditions may be due i n  p a r t  t o  t h e  wide range of mix- 

tu re  ratios found t o  e x i s t  i n  t he  drops of spray produced by t h e  in jec tor .  
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FIGURE UGENDS 

Fig. 1. - Typical ca l ib ra t ion  curve. 

Fig. 2. - Apparatus. 

Fig. 3. - In jec tors .  
~~ 

Fig. 4.  - S p a t i a l  d i s t r i b u t i o n  of mixture r a t i o .  

Fig. 5. - Mixture r a t i o  d i s t r i b u t i o n  among drops. 

Fig. 6. - Mix?* e f f i c i ency  d i s t r i b u t i o n  among drops. 
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